Recently, many optical clearing methods were reported for fluorescence microscopy in fixed 46 organs including brains 7-13 . These clearing methods enable confocal microscopy to achieve fine and 47 128 long traversing from deep regions ( Fig. 2b-c ; p < 0.001 at each "Depth" level by pairwise 129 comparison). These results suggest that MAGICAL would promote deep imaging as a practical 130 method to visualize fast activity on mature neural circuits in adult mice. 131 132 In vivo confocal fine imaging with single-photon excitation at deeper regions. 133 Despite its superior spatial resolution, confocal microscopy is less suitable for in vivo imaging 134 than two-photon microscopy, because its shorter-wavelength excitation has an inferior penetration 135 depth and a higher risk for phototoxic effects. Moreover, confocal microscopy cannot efficiently 136
2 Abstract: 14 To understand brain functions, it is important to observe directly how multiple neural circuits are 15 performing in living brains. However, due to tissue opaqueness, observable depth and 16 spatiotemporal resolution are severely degraded in vivo. Here, we propose an optical brain clearing 17 method for in vivo fluorescence microscopy, termed MAGICAL (Magical Additive Glycerol 18 Improves Clear Alive Luminance). MAGICAL enabled two-photon microscopy to capture vivid 19 images with fast speed, at cortical layer V and hippocampal CA1 in vivo. Moreover, MAGICAL 20 promoted conventional confocal microscopy to visualize finer neuronal structures including 21 synaptic boutons and spines in unprecedented deep regions, without intensive illumination leading 22 to phototoxic effects. Fluorescence Emission Spectrum Transmissive Analysis (FESTA) showed 23 that MAGICAL improved in vivo transmittance of shorter wavelength light, which is vulnerable to 24 optical scattering thus unsuited for in vivo microscopy. These results suggest that MAGICAL 25 would transparentize living brains via scattering reduction. Main Text: 29 How do neurons work together for brain functions in living animals? In the brain, numerous 30 neurons connect to each other three-dimensionally (3D) to form neural circuits underlying brain 31 functions. Functional characteristics of neural circuits depend on neuronal activity and synaptic 32 connectivity, both of which are reflected in fine sculptural distinctions in many cases 1-3 . Multiple 33 neural circuits are associated with each other as a neural network, and are executed for rapid 34 processing simultaneously, to respond to various situations and their transitions 4 . Therefore, to 35 understand brain functions, in vivo imaging techniques are required to observe intact neural circuits 36 extended into deep regions, at high spatiotemporal resolution. 37 Confocal microscopy and two-photon microscopy can provide 3D and time-lapse images by 38 sequential optical sectioning in thick specimens without mechanical destruction 5,6 . However, it is 39 difficult for the fluorescence microscopy, especially to confocal microscopy, to achieve sufficiently 40 deep, fine, and fast imaging in vivo, because tissue opaqueness disturbs and attenuates both 41 excitation lights and fluorescence signals. A simple but practical technique to overcome the 42 opaqueness is high-intensity illumination by using high-power excitation laser, but it has a risk of 43 causing invasive phototoxic problems via reactive oxygen species production. Thus, new strategies 44 are needed to overcome tissue opaqueness for in vivo imaging. 45 deeper imaging, and have brought a paradigm shift in connectome analysis, to create connection 48 maps over comprehensive neural networks. However, these clearing methods need 49 non-physiological procedures to transparentize fixed organs, thus are especially inapplicable to 50 living brains for in vivo fluorescence microscopy. Here, we propose a new strategy for 51 brain-clearing in in vivo microscopy. Our clearing method is simply based on glycerol 52 administration via drinking water, so we named it MAGICAL (Magical Additive Glycerol 53 Improves Clear Alive Luminance). Enhanced fluorescence signals in vivo. 58 For in vivo brain imaging with fluorescence microscopy, the conventional method involves 59 open-skull surgery. It consists of making a cranial window, in which the light-scattering skull bone 60 is replaced by a clear cover glass, and is conceived as a key step affecting the quality of images in 61 day-to-day experiments 14 . The cranial window, and probably the brain itself, lose transparency 62 easily, which may be caused by unsuitable surgical techniques, leading to bleeding and damage 63 inside/outside the brain, and by unknown factors related with the recovery process. Thus, a smaller 64 cranial window is biologically preferred to avoid injuring blood vessels and to minimize contact 65 between the brain surface and the surgical materials 14 . However, a larger cranial window is 66 optically preferred to collect even light emitted from a focal point at wide radiation angles, by 67 using a high-numerical-aperture (NA) lens which governs spatial resolution and fluorescence 68 intensity in imaging. Therefore, we tried to improve in vivo microscopy by reducing the detrimental 69 effects of open-skull surgery. We focused on glycerol oral administration, which is known to 70 suppress cerebral edema in neurosurgical patients and suggested to supply energy to ischemic 71 neurons in cerebral stroke [15] [16] [17] [18] [19] [20] [21] [22] . 72 First, we examined whether oral administration of glycerol improves cerebral fluorescence 73 images of in vivo two-photon microscopy. To visualize neural circuits, we used adult H-line mice 74 (Thy1-EYFP-H), which express Enhanced Yellow Fluorescent Protein (EYFP) in some of the 75 pyramidal neurons. To avoid selection bias under uneven EYFP expression, the imaging area was 76 selected according to the xy position where the hippocampus was observable at the most shallow 77 depth. We captured 3D stacks as z-series of xy-images, using a two-photon microscope with 78 960-nm Ti:Sapphire laser light. The xy-images were acquired as 512 × 512 pixels at 1 frame per 79 sec (fps), 2.2 µsec per pixel, which is the maximum speed in this condition. 80 The images of the cortical layer V (CxLV) neurons were captured with 3-µm z-step size 81 (Supplementary Movie 1) and were reconstructed with depth color-coded maximum intensity 82 5 projection (DccMIP). In mice without glycerol administration (control), fluorescence images 83 showed the pyramidal neuron cell bodies with basal dendrites, but the density was poor as a 84 consequence of weak capture conditions ( Fig. 1a, Supplementary Movie 1) . In contrast, in mice 85 with 5 % (w/v) glycerol administration (MAGICAL), bright fluorescence images showed many cell 86 bodies and basal dendrites with high density (Fig. 1a, Supplementary Movie 1) . 87 In CxLV images at three different depths ( Supplementary Fig. 1) , fluorescence intensity 88 distribution (FID) indicated that signals tended to increase with MAGICAL ( Supplementary Fig.   89 2). However, it was not simple to summarize the FIDs for statistical analysis. The FIDs showed 90 large individual differences within each treatment group, obscuring differences between the groups. 91 Moreover, the FIDs had non-normal distributions extending beyond the detector's dynamic range. 92 To overcome these problems, we evaluated fluorescence intensities of pixels (FIPs) in the image 93 stacks, by using a Generalized Linear Mixed Model (GLMM). The FIPs were randomly selected 94 from the stack and collected as samples, if not saturation or zero intensity, and were used as a 95 response variable in the GLMM with a Gamma error distribution and a log link function. In the 96 GLMM, "Treatment" (MAGICAL or control) and "Depth" (3 levels) were assigned as fixed effects, In vivo two-photon deep imaging with fast speed. 105 To achieve in vivo imaging in deeper regions, the most effective strategy is to use much 106 longer-wavelength, less scattered, near-infrared light at high power for two-photon excitation 23, 24 . 107 Recently, hippocampal granule cells in the dentate gyrus were visualized at 1. fluorescence images showed some dim cell bodies of pyramidal neurons ( Fig. 2a , Supplementary 120 Fig. 3) . In contrast, in MAGICAL mice, fluorescence images showed many cell bodies of 121 pyramidal neurons, some of which were clearly visualized with their partial process of apical 122 dendrite ( Fig. 2a, Supplementary Fig. 3) . 123 In HpCA1 images captured from three different depths ± 3 µm ( Supplementary Fig. 4) , FIDs 124 were shifted to bright side with MAGICAL ( Supplementary Fig. 5 fibers except for thick shafts of apical dendrites which extend along the z-axis direction ( Fig. 3a, 149 Supplementary Fig. 6 ). However, in MAGICAL mice, bright CM images even at 100 and 150 µm 150 depth showed a lot of thin neuronal processes extending in the xy-plane across the apical dendrite 151 shaft ( Fig. 3a, Supplementary Fig. 6 ). 152 We quantified similarities between CM images and 2PM reference images at same CxLI areas, 153 by using the intersection probability between Histogram of Oriented Gradients (HOG) features 154 extracted from each image. In the HOG comparison, CM images with MAGICAL retained more 155 similarity to 2PM reference images at deeper regions ( Fig. 3b-d with less optical aberration along the z-axis ( Fig. 4, Supplementary Fig. 7) . Moreover, in vivo 163 8 confocal images with MAGICAL did not show remarkable bleaching or phototoxic effects, as 164 observed in time-lapse 3D stack imaging at 5-min intervals for 30 min (Fig. 4, Supplementary Fig.   165   7) . These data suggest that MAGICAL would provide a practical approach to observe deeper 166 regions with superior spatial resolution beyond the dilemma posed by confocal microscopy. and then were scattered in small clusters with cerebrospinal fluid flow. We calculated spectral 187 intensity ratio of Cyan (458-511 nm) to Yellow (560-650 nm) light within in vivo images of the 188 bead clusters (Fig. 5a) . In contrast to fluorescence intensity, the Cyan/Yellow ratio was 189 independent on both of amount of the fluorescence probes and two-photon excitation power 190 9 ( Supplementary Fig. 8) . However, the Cyan/Yellow ratio was different between depths 191 ( Supplementary Fig. 8) . Therefore, it is considered that the Cyan/Yellow ratio is proportional to a 192 ratio, comprising the emission probability (constant), detector sensitivity (fixed as constant), and 193 transmittance in the return path from inside the brain, for the Cyan and Yellow light. 194 To focus on internal transmittance in living brains, and to remove the constant factors, we 195 evaluated spectral transmission ratio (∆Cyan/Yellow) while the light returned from deeper regions 196 to 100 µm depth. The ∆Cyan/Yellow gradually decreased along the depth (Fig. 5b) . It is, therefore, 197 reasonable to consider that the cyan transmittance is more likely to be decreased than the yellow 198 one because shorter wavelength light is more scattered depending on the optical path-length. and slight hypoxia from anesthesia. These loads cause brain trauma and inflammation, which in 246 turn would trigger local edema, which, although not as severe as experimental ischemia and 247 hypoxia, is enough to increase scattering for shorter wavelength light. Altogether, MAGICAL 248 protects the living brains from edema and ischemia and thus would preserve the brain transparency. 249 What are the adverse effects of using MAGICAL for in vivo imaging? In toxicity tests, chronic 250 oral glycerol has been shown as safe for animals, when administered in dosages equal to or lower 251 than 9 g/kg-bw/day 32, 33 insufficient for randomization to ensure to equalize the order. Thus, we allocated mice to 287 experimental groups so as not to localize the order. isoflurane inhalation (0.5 % to 1.5 %). To limit inflammation, 2 mg/kg-bw dexamethasone 314 (Kyoritsu Seiyaku Corporation) was injected intramuscularly. Cranial bones were exposed, and 315 then the left parietal bone was circularly carved about 4.2 mm in diameter with a dental drill and 316 was removed gently. The exposed dura was washed with phosphate-buffered saline (PBS) to 317 remove blood cells. A 4.2-mm diameter round coverslip (Micro Cover GLASS, #1S, about 0.17 318 mm thickness; Matsunami Glass Industry, Osaka, Japan), previously coated with a biocompatible 319 polymer-Lipidure® (CM5206E; NOF Corporation, Tokyo, Japan), to prevent foreign-body 320 reactions, especially to blood clotting-was placed directly over the dura without extra pressure, 321 and was sealed on the bone edges with cyanoacrylate cement and dental adhesive resin cement 322 (Super-Bond C&B; Sun Medical Company, Shiga, Japan). To make the foundations for chamber 323 fixation, exposed cranial bones around the cranial window were partially coated with the adhesive 324 resin cement. A head chamber, which has a center hole to expose the cranial window, was secured 325 to the cranial bones with dental acrylic resin cement (Unifast III; the needle was withdrawn 0.3 mm and then was kept in place for 5 min. During and after the 340 injection, the exposed dura was washed with PBS to remove blood cells and to prevent drying. 341 After the surgery, the mouse was singly housed for recovery at least one day until observation.
343
Setup of in vivo imaging. All in vivo imaging sessions were conducted in mice anesthetized with 344 isoflurane inhalation 23,24 . The head chamber was mounted and glued to a customized adaptor stage, 345 which suspended the mouse body with a harness, to reduce adverse effects due to movements. 346 After setting under an upright microscope system, the adaptor stage was adjusted at a tilt angle, Confocal microscopy. In vivo confocal imaging was performed with a water immersion objective 380 (25× Ob., 1.10 NA or 60× Ob., 1.20 NA) in PBS. The EYFP was excited by 488 nm, and its signal 381 was collected at 500-550 nm in a standard detector. By using a Galvano scanner in one-directional 382 mode, the xy-images comprising 3D stacks were acquired as 512 × 512 pixels at 1 fps or 512 × 256 383 pixels at 2 fps, 2.2 µsec per pixel, which is maximum speed in this condition. 384 17
To evaluate observable depth in confocal imaging, the CxLI images were captured as 3D stacks 385 with 1 µm z-step size at 50 ± 5, 100 ± 5, and 150 ± 5 µm depth (11 sections) via a 25× Ob. Laser 386 power and detector sensitivity were fixed at 10 % and HV 90, respectively. As references for 387 confocal imaging, the same 3D stacks were also captured by using a two-photon microscope, of 388 which detector sensitivity was fixed at HV 30, but 960-nm laser powers were adjusted to 12.5, 16.1, 389 and 19.2 mW (under 25× Ob.) at 50, 100, and 150 µm depth, respectively. 
